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Electromagnetically Induced Transparency (EIT) and Autler-Townes (AT) are two phenomena 
that could be featured by a variety of three-level atomic systems. The considered phenomena, 
EIT and AT, are similar "looking" in the sense that they both are characterized by a reduction in 
absorption of a weak field in the presence of a stronger field. In this paper, we explicitly set the 
threshold of separation between EIT and AT in a unified study of four different three-level atomic 
systems. Two resonances are studied and compared in each case. A comparison of the magnitudes 
of the resonances reveals two coupling field regimes and two categories of three-level systems. 

I. INTRODUCTION 

Since the emergence of Electromagnetically Induced Transparency (EIT) in 1990 [l| the phenomenon has been 
associated with destructive interference between two excitation pathways [2] . In order to briefly introduce EIT along 
with its corresponding assumptions and understanding we review first the four three-level atomic systems, Lambda 
(Fig. [T] a) 0, Cascade-EIT (Fig. HJb) 0, Cascade- AT (Fig. [Qc) 0] and Vee (Fig. [TJd) @, which have been always 
assumed to feature EIT. The Cascade-EIT and Cascade-AT names are adopted in correspondence with our earlier 
works, "Interference Between Competing Pathways in the Interaction of Three-Level Ladder Atoms and Radiation" 
and "Phase Dynamics and Interference in EIT" ||. 
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FIG. 1: Wij is the population decay rate from level i to level j. Q p and S7 C denote the Rabi frequencies of the probe and 
coupling fields respectively. 5 P is the detuning of the probe field. The coupling field is at resonance 
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Each one of the four different three-level systems (Fig. [T]) is engineered by the action of two fields, one weak field 
called the probe and one stronger field called the coupling, on two different atomic transitions which share a common 
level. If we monitor the absorption of the probe field we find (Fig. [5]) a reduction in absorption (a dip in the absorption 
line) at resonance (6 P = 0, the case when the frequency of the probe field matches the atomic transition frequency) 
where a maximum absorption is expected in the absence of the coupling field. Note that figure [2] is a general plot 
added for qualitative understanding only. For the sake of simplicity and clarity of the results we consider the resonance 
coupling case (the frequency of the coupling field matches the corresponding atomic transition frequency) throughout 
this work. 
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FIG. 2: The negative absorption coefficient of the probe field function of its detuning. The dip (reduction in absorption) could 
be a signature of EIT or AT. This is a general plot added for qualitative reasons only. 

The surprising reduction in absorption in EIT has always been understood in the literature as a result of 
destructive interference between two competing excitation pathways @. These two pathways were explicitly studied 
and unambiguously presented in the Lambda (Fig. [TJa) @ and Cascade-EIT (Fig. [TJb) Q cases. We mention in our 
earlier work |7| that in the Cascade- AT case, the second resonance (excitation pathway) is negligible compared to the 
first resonance in the low saturation limit (the coupling Rabi frequency is much weaker than a corresponding atomic 
polarization decay rate, a point that will be covered in detail later in this paper). Some limitations in the scattering 
theory Q constricts the study of the Cascade- AT model to the low saturation limit, leaving the picture slightly 
incomplete. In addition to the missing pieces in the Cascade-AT configuration, no work to our knowledge clearly 
and unambiguously proves the existence of EIT in the Vee system. It is true that dips (reductions) in the absorption 
lines have been experimentally reported in all four three-level systems but what needs to be clarified is wether the 
reported results are consequences of EIT or a similar phenomenon known as Autler- Towns splitting (AT) 10]. The 
later phenomenon has a signature that looks very similar to that of EIT. Both phenomena display a reduction in 
absorption where a maximum is expected in the absence of the couplingfield (Fig. [2]). An explicit study of AT was 
conducted by Cohen- Tannoudji and co-authors in different references [ll| - [l3| . The studies where conducted in the 
secular limit (coupling field much stronger than the polarization decay rates) and showed that the absorption line 
is made of two Lorentzian-like lines which are located next to each other. We can tell now that the dip in figure [5] 
can be interpreted as either a destructive interference between two competing pathways, what is know as EIT, or a 
gap between two resonances, what is known as AT. It is the goal of this work to study in parallel all four three-level 
systems (Fig. [T]) and explicitly clarify when the detected reduction in absorption is a result of EIT and when it is the 
result of AT. 

In the next section we use the scattering theory results 0] to split every one of the four probe absorption spectra 
(one spectrum for each three-level system) into two terms which we call resonances. The comparison of the two 
resonances reveals two distinct coupling field regimes and two categories of three-level atomic systems. In section HTT1 
one sample of each category is explicitly explored. A study of the two considered configurations leads to conclusions 
about the existence or absence of EIT and AT in each of the coupling field regimes. Note that a homogenously 
broadened medium and a resonant coupling field (S c — 0) cases are considered in this work for the sake of simplicity 
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and clarity of the results. A non-zero coupling detuning and an inhomogeneous doppler broadening may add new 
physics to the systems but will not change the core of the physical phenomena that are studied in this paper and 
correspondingly the presented results. 



II. TWO COUPLING FIELD REGIMES AND TWO CATEGORIES OF THREE-LEVEL SYSTEMS 

The absorption coefficient of the probe field is derived under the condition that the coupling field is much stronger 
than the probe field, which is weak enough to get effected by the medium without changing its characteristics. 
Many techniques can be adopted to derive the explicit form of the absorption coefficient. One of the most favorable 
techniques that has been used in the literature is the semiclassical technique |14| where the atomic equations of 
motion are derived then perturbatively solved in steady state for different orders of the probe field. It is not 
the goal of this paper to cover any of the existing techniques. We consider in this work the spectra that have 
been derived in different publications. We modify the considered equations of the absorption coefficients, and 
accordingly the defined variables, to match our three-level systems. The absorption spectra are then analyzed 
in light of the results of the scattering theory [tJ. We note that the absorption coefficient of the probe field 
is proportional to the imaginary part of the density matrix element pij, where i-j is the atomic transition on 
which the probe field acts. In this paper we define the needed variables in the following way: Detuning of the 
probe field S p — lj p — LJij, detuning of the coupling field 5 C — lj c — uj^i = (resonance case), Rabi frequency of 
the probe field Q p — 2pij£°/h, Rabi frequency of the coupling field £l c = 2p^i£°/h and polarization decay rates 

7mn = Ylt=i (Wmt + W nt ) where, i-j and k-1 are the transitions on which the probe and coupling fields act respectively. 
In the Lambda case (Fig. [TJa) the density matrix element pis @, 

o~p - »7i2 m 

Pl3 00 \n c \y4-[6 p -iy 13 ][S p -i-y 12 Y { ' 



is derived as the sum (beside a multiplication factor) of the following two resonances: 



where, 



I st Resonance oc x ~*~ ^ 2 , (2a) 

{Zi — Zii) Op — Z! 

2 nd Resonance oc — x Z * I + l J 12 , (2b) 

(Zi — Zii) o p — Zn 



Zi = \ (-Z723 + vM7i3 ~ 712) 2 + W) , (3a) 
Zii = i(-«723 -v / -(7i3-7i2) 2 + |« c | 2 ). (3b) 



In the Cascade-EIT case (Fig. [T]b) the density matrix element of interest is P12 given by 

S P ~ »713 ,.s 

912 ^ |ft c | 2 /4-[^-*7i 2 p p -*7i3]' 1 > 

With the help of the scattering theory [7| we split the absorption coefficient into the following two resonances: 



(5a) 
(5b) 
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where, 
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\ (-H23 + V-(7i2-7i3) 2 + l«c| 2 ) , (6a) 

\ (-H23 - V-(7l2-7l3) 2 + l«c| 2 ) • (6b) 
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In light of the work done in the scattering theory and because all four absorption coefficients have similar algebraic 
forms, the absorption coefficients in the Cascade- AT and Vee cases can as well be written as a sum of two resonances. 
In the Cascade- AT (Fig. [TJc) case the density matrix element P23 is given by 

P23 K \n c \yi-[s p -t l23 ][s p - 1113 y {<) 

|»d 2 /4 
7l 2 2 + 2|fi c P/4 



we dropped the prefactor— 2 — ^ lr> l9 — A ) which splits into the two resonances 



1 st Resonance oc x —j- — ^ 23 , (8a) 

(Zi - Z11) Op - Zi 

2 nd Resonance oc x Z [ I + % J 23 , (8b) 

(Zj - Z u ) o p -Zh 



where, 

1 
2 
1 



Zi = ~ [ -1(723 + 713) + V-7i 2 2 + Nc| 2 ) , (9a) 



Zu = \ I -ifas + 713) - V-7i 2 2 + Nc| 2 J ■ (9b) 
In a similar manner, the density matrix element p\ 3 [l5j is given in the Vee case (Fig. [T]d) by 



47i 2 2 

|f2 c | 2 /4 - [r5 p - - H13] 



(<5 P - «7i3) + {S P - H23) 
Pi3 <* , ^ ry 712 ug (10) 



we dropped the prefactor — ,„ 

v +1 hJ 



which can be re-written as the sum of the two terms 



( l^c| 2 \ / Nd 2 

1 Zl \ 1 + ~T7~ ) +' (723 + 713^- 

1 st Resonance cx . x ^ ^ Jvi^^ ( lia ) 

[Zi - Zu) dp - Zi 

( \^c\ 2 \ ( |O c | 2 

1 Z H \ 1 + T^~ l +l 723 +713-T^- 

2 nd Resonance cx - — . x ^ ^4 A (lib) 

(Z/ — Z/j) o p — Z77 



where, 



^1 = \ (-*(723 + 713) + ^-7i 2 2 + Nd 2 ) , (12a) 
= 5 (-*(723 + 713) - ^-7i 2 2 + Nd 2 ) • (12b) 
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We now know that all four absorption coefficients split into two resonances and that in the two Cascade-EIT [7j and 
Lambda Q cases the two resonances interfere in the weak coupling field regime (coupling Rabi frequency less than 
a corresponding polarization decay rate). Based on the previously stated fact we may assume that the same type of 
interference which exists in the Cascade-EIT and Lambda configurations must exist in the Cascade- AT and Vee cases. 
We showed in our previous work [7[ that in the low saturation limit (very weak coupling field regime) no interference 
can exist in the Cascade- AT case. We plot in figure[3]the ratio of the maxima of the absolute values of the resonances, 
which reflects the relative strengths between the two resonances, versus what we call the "threshold factor" which 
we define as f2 c /threshold. The threshold is the value of ft c which separates between the weak and strong coupling 
field regimes. The threshold varies from one system to another. A theocratical study (not included in this work) of 
the resonances shows that the threshold is equal to the polarization decay rates which are under the square roots in 
the Zi and Zn complex numbers. The study of these complex numbers leads to the following thresholds in the four 
different systems: 



Lambda 
Cascade - EIT 
Cascade - AT 
Vee 



713 
712 
712, 
712- 



712, 
713, 



(13a) 
(13b) 
(13c) 
(13d) 



Note that the polarization decay rates have different values in the different three-level systems. We consistently use 
for the theocratical modeling in this paper the following scaled values of the population decay rates Wij (spontaneous 
decay from level i to level j): Cascade-EIT and Cascade-AT (W 2 x = 1, W 32 = 0.2, W 3X = 0.001); Lambda (W 3 i = 1, 
W 32 = 0.9, W 2 i = 0.001); Vee (W31 = 1, W21 = 0.9, W 32 = 0.001). It is true that the study of the different three-level 
configurations function of a common coupling field strength is not fair because of the different decay rates that the 
fields are affected by. For this reason we unify the following study across the different configurations by plotting the 
ratio of the magnitudes of the resonances versus the threshold factor (r2 c /threshold). 
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FIG. 3: Relative magnitudes of the two resonances (Eqs. [2] (Lambda), [5] (Cascade- EIT), [8] (Cascade- AT), [TTJ (Vee)) function of 
the threshold factor, fl c /threshold (Eqs. I13l a-d) 

Figure [3] shows clearly the existence of two regimes and two categories of three-level systems. In the strong 
coupling field regime, threshold factor > 1 (f2 c > threshold), the two resonances have exactly equal magnitudes. The 
magnitudes of the resonances vary as the strengths of the coupling field varies in the strong field regime but the 
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ratio of the magnitudes remains equal to 1. Once the coupling field Rabi frequency becomes less than the threshold 
value (threshold factor < 1) the four three- level systems show two completely different behaviors. In the Lambda and 
Cascade-EIT cases the two resonances remain competitive keeping a ratio that is very close to 1 (this characteristic is 
easily seen in the insert of figure \S§ . The surprising results are in the Cascade- AT and Vee configurations where one 
resonance dominates the other as the coupling field becomes weaker. Figure[3]has the clear evidence that two different 
coupling field regimes must be distinguished and that two categories of three-level systems must be considered. We 
know so far from this work that any possible interference effects that exist between the two resonances in the Cascade- 
AT and Vee cases is going to be negligible in the low saturation limit (very weak coupling field regime). The later 
conclusion is inline with our study [7[ of the Cascade- AT system where we state that only one resonance has to be 
retained in the low saturation limit. 



III. DISTINCTION BETWEEN EIT AND AT 



The study of the relative magnitudes of the resonances (Sec. [TTJ) revealed two categories of three-level systems. 
We study in this section one system from each category for further understanding of the differences between these 
systems and distinction between the EIT and AT phenomena. The two configurations which we are going to study 
in depth are the Lambda (Fig. [TJa) and Vee (Fig. [TJd) which happen to be the most significant cases in their categories. 
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FIG. 4: "Evolution" of the resonances function of the decreasing (subplots a-d) threshold factor in the Lambda case (Fig. [T]a). 
Each subplot includes the first resonance, second resonance, and total absorption of the probe field function of its detuning. 

Figure 0] shows the "evolution" of the two resonances function of the threshold factor in the Lambda case. Each 
subplot displays the two resonances separately and combined as the total absorption coefficient function of the detuning 
of the probe (a plot which is similar to figure [2}. Subplots a, b, c and d show the evolution of the resonances and 
total absorption as we decrease the threshold factor. Subplot H]a is a strong coupling field regime case. We can see 
that the total absorption is made of two peaks, each of which is a resonance. The observed dip can be interpreted as 
a gap between the two resonances. This reduction in absorption is a characteristic of the AT effect as explained by 
Cohen- Tannoudji and co-authors [l2| • Subplot |4jb is a strong coupling field regime case as well but it is right above 
the threshold. We can see in this subplot that the dip is still a consequence of a gap between the two resonances even 
though the two resonances overlap. Once the threshold factor is less than 1 (f2 c < threshold) we realize two crucial 
changes (subplot H]c). The two resonances totally overlap (peak on peak) and one resonance becomes totally negative. 
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In this case, weak coupling field regime, the dip is a result of a destructive interference between the two resonances. 
The detected reduction in absorption is an "imprint" of one resonance into the other. This destructive interference, 
which is a signature of EIT, becomes more apparent in subplot 2]d where the coupling field is weaker than what it was 
in the previous case (subplot |Uc). This set of plots (Fig. [3} unambiguously shows that EIT and AT are two similar 
looking but distinct phenomena. Even though the two phenomena are consequences of two resonances, the detected 
reduction in absorption is a result of two different pieces of physics. This study of the Lambda system clarifies the 
existence of AT and EIT in the strong and weak coupling field regimes respectively in the Lambda and Cascade-EIT 
configurations. 




FIG. 5: "Evolution" of the resonances function of the decreasing (subplots a-d) threshold factor in the Vee case (Fig. [T]d). 
Each subplot includes the first resonance, second resonance, and total absorption of the probe field function of its detuning. 

The same way we previously studied the Lambda system we now study the Vee system. Figure [3] is a set of subplots 
similar (same threshold factors) to the ones presented in figure |4j The AT feature, a gap between two neighboring 
resonances, is the same in the Vee case (subplot [5ja) as it is in the Lambda in the strong coupling field regime. Even 
though the two resonances overlap with the peaks one next to the other, the dip disappears in subplot [5]b where the 
coupling Rabi frequency is right above the threshold value. This disappearance of the dip has to do with the fact that 
the resonances become shallower as the coupling Rabi frequency decreases. In order to study the EIT phenomenon in 
the Vee system we consider the weak coupling field regime (subplots [5]c-d). In consistence with the Lambda case the 
two resonances overlap peak on peak. The difference here is that one of the resonances becomes very flat and starts 
vanishing as the coupling field becomes weaker (expected from the study of figure [3]) . These dramatic changes in one 
of the resonances cut off any possibility of seeing a dip in the absorption line. We can easily notice in subplot Od that 
one resonance is completely negligible while the other perfectly overlaps with the total absorption line. In other words, 
the absorption spectrum in the low saturation limit (very weak coupling field) is a result of only one resonance. This 
conclusion is inline with our previous studies 0] presented in the Cascade- AT case. The evolution of the resonances 
in the Vee case verifies the absence of EIT in the Vee (Fig. [TJd) and Cascade- AT (Fig. [T]c) configurations. 



IV. CONCLUSION 



We explicitly studied in this paper the four three- level atomic systems (Fig. [T]) that feature EIT and/or AT. The 
different studies were conducted under the only limit of coupling resonance (6 C = 0). We considered a homogenously 
broadened medium and a resonant coupling field (6 C = 0) for the sake of simplicity and clarity of the results. The 
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drawn conclusions are based on the study of two resonances for each system that add up to the exact total absorption 
coefficient. The four schemes were compared in light of the variation of the threshold factor (f2 c /threshold) which 
unifies the studies across the different systems. The value 1 (f2 c = threshold) of the threshold factor is clearly 
a point of separation between the strong (fi c > threshold) and weak (f2 c < threshold) coupling field regimes as 
shown in figure^ This fact verifies the values of the thresholds (Eqs. [T51) and the unification of the conducted studies. 

In the strong coupling field regime (threshold factor > 1) an exact equality between the absolute magnitudes of 
the resonances is common across the four systems (Fig. [3]). The peaks of the resonances are located next to each 
other with overlapping wings (subplots [Da and[5]a). The observed reduction in absorption is a consequence of a gap 
between the resonances, which is a characteristic of AT splitting. In summary, the AT splitting (two resonances with 
a gap in between) is commonly observed in the strong coupling field regime (f2 c > threshold) in the four different 
three- level systems (Fig. [T]). 

In the weak coupling field regime (threshold factor < 1) the four three level systems split into two categories (Fig. 
[3]). The Lambda and Cascade-EIT configurations continue to feature two highly competitive resonances unlike the 
case in the Casade-AT and Vee systems where one resonance dominates the other as the threshold factor decreases. 
This characteristic which sets the two categories apart is most apparent in subplots 2]d an d EJd. A dip in the 
absorption line can be seen (Fig. |3Jc-d) in the Lambda and Cascade-EIT systems which belong to the same category 
of three-level systems. This dip is a result of destructive interference between the two competing pathways, which 
is a characteristic of EIT. This later dip is absent in the second category of three-level systems which includes the 
Cascade- AT and Vee configurations (Fig. SJc-d). As the threshold factor decreases one resonance dominates the 
other (Fig. [5]c-d) in the the Cascade- AT and Vee systems. In these later cases, Cascade-AT and Vee, and in the low 
saturation limit (very weak coupling field such as the case in subplot [S]d) the absorption spectrum becomes equal to 
the contribution of only one resonance in the presence of the other negligible resonance. In summary, an EIT type of 
a dip which is a result of destructive interference can only be observed in the Lambda (Fig. [T]b) and Cascade-EIT 
(Fig. HJa) systems but never in the Cascade-AT (Fig. [TJc) and Vee (Fig. [TJd) systems. 
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